Mixed model methodology and recursive estimation techniques (Kalman filter) were combined to detect significant changes in the performance level of both individual cows and an entire herd. Yields were predicted for the next time of recording using all data available up to that time. Predicted yields were compared with actual measurements. If the error of prediction, or innovation, exceeded ±2 times its standard deviation, the observation was considered to be significantly different from the former yield level. The data comprised 30,199 records for 135 cows and 366 d. Effects fitted in the model were test day, breed, and lactation class as fixed effects and cow within lactation number as a random effect. A lactation curve was fitted within lactation class. Of the observed milk yields, 9.2% deviated significantly from the expected value in a negative direction. None of the innovation of the fixed-day effect exceeded the threshold of two standard deviations. Compared with the results of rolling average, which were calculated as the average of a 10-d period, over 20% of the observations of the daily milk yield were classified differently by the two methods.
INTRODUCTION
Traditionally, decisions for the management of cows in a dairy herd have been based on the subjective judg-ment of the herd manager. Because there is a general trend toward larger herds, higher yield, greater cost effectiveness, and more cows managed per person, an automated monitoring system for animal status seems essential for a successful operation (6, 19, 26) . Sensor measurements, such as milk yield, milk temperature, milk conductivity, milk-flow pattern, feed intake, body weight, and activity, are available and may be used to provide information for the detection of the health, reproductive, and productivity status of a cow (5, 4) . As the time that can be spent on visual observation of individual cows decreases, the importance of a computerized data recording system and the automated detection of cows that deviate from their expected performance increases. A statistical method that electronically flags cows with suspicious observations has to forecast the expected performances and compare predicted and actual performances (4) .
In this study, a method was investigated that could be used for analysis of continuously provided data to produce a continuously updated report of the status of individual cows and of the whole herd by using the example of daily milk yield records. Milk yields recorded daily are considered to be an important decision aid for fine tuning the management of a dairy herd (26) , and these records can be provided by modern computerized milking systems.
Commercial software packages for monitoring milk yield commonly use the method of a rolling average (RA) for the analysis of the data (4, 19) . For genetic evaluations, test-day (TD) models have been proposed that model TD yields directly [e.g. (18, 21) ], in contrast to analysis using the 305-day yield. Environmental effects specific to the time of recording can be accounted for, and a submodel can be incorporated that describes the shape of the lactation curve (1) . Such a TD model was chosen and formulated in a recursive form known as the Kalman filter (KF) (14) . With the KF, a new observation (Y k ) is compared with its predicted value, which is based on the data available at the preceding time (k-1). The probability of whether the observed value is significantly different from the predicted value can be calculated, and a new prediction can be made for the next observation, based on the data including Y k . Lactation 1 = lactation class 1; lactation 2 = lactation class 2; lactation 3 to 9 = lactation class 3.
The objectives of this paper were 1) to formulate a mixed linear model commonly used for animal data analysis in its recursive form, 2) to apply the model to daily milk yields to detect significant changes in herd yield and yield of individual cows for use in monitoring dairy herds, and 3) to compare these results to the results of a RA.
MATERIALS AND METHODS

Data
Data comprised daily morning and evening milk yields of 69 Holstein-Friesian and 66 Red Holstein cows. Milk was collected between January 1 and December 31, 1996, on the Karkendamm Research Farm of the Institute of Animal Breeding and Husbandry (University of Kiel, Kiel, Germany). The morning and evening yields were added together. If one of the yield records was missing, the whole record was deleted as well as records with <7 or >400 DIM. Cows were grouped into lactation classes according to parity. First and second parities were in lactation classes 1 and 2, respectively, and cows of parities 3 to 9 were grouped together into class 3. The structure of the data is given in Table 1. In total, 10,099 TD records of class 1, 7820 of class 2, and 12,280 of class 3 were used. Sixty-one cows had records of two different lactation numbers. On average, 82 cows were milked per day; the range was from 49 to 97 cows. where y ijlmnopq = daily milk yield of a cow, day i = fixed effect of the day i of recording, breed j = fixed effect of breed j, and LAC l = fixed effect of lactation class 1. Cow(PAR) op = random effect of cow o within parity p, and e ijklmnpq = random residual effect; both were assumed to be uncorrelated and uncorrelated with each other. The term f m [DIM(LAC) nl ] = fixed function of DIM and was used to describe the average shape of a lactation curve of cows within lactation class l (1). This relationship can be written as
Model
where b 1l to b 4l = regression coefficients on various functions of DIM n within lactation class l, and c = constant (here set to 400).
Recursive Estimation Based on the State-Space Model
State-space model. The KF, which was developed by Kalman (14) , is a recursive procedure for the prediction of the state of a linear dynamic system. The procedure is based on the state-space formulation of a linear model (11, 23) , which, in its general form, may be written as
where Y k = vector of observations, u k = vector of unknown random parameters at time k (k = 1, 2, ..., t), Z k = known design matrix, and Y k depends on the unobservable quantity u k . This quantity, or state vector, was allowed to change from stage to stage by a process that is defined by the transition equation
where T k = known transformation matrix, e k = observation error, and w k = state error. The error terms were assumed to be serially uncorrelated, uncorrelated with each other, and normally distributed with zero means and covariance matrices R k and Q k , respectively.
KF. The KF is a set of equations that allows an estimator to be updated once a new observation becomes available (11) . The process consists of two steps. During stage 1, prior to observing Y k , an optimal predictor of the next observation is calculated based on all information currently available and governed by the prediction equations. At stage 2, the new observa-tion is incorporated into the estimator of the state vector using the updating equations. Furthermore, the differences between the actual values and the predicted values, the prediction error or innovation, and its variance are calculated. The vector of innovations is key in updating the state vector. As the deviation of predicted value for an observation increases from the actual observation, the change in the estimation of the state vector becomes greater (11) .
Mixed linear model. In matrix notation, the mixed linear model at time k (23) can be written as
where Y k = vector of observations that are available at time k, b k = vector of fixed effects, u k = vector of random effects at time k, e k = random residual effects at time k, and X k and Z k = incidence matrices assigning effects to observations at time k. Expectations and variance-covariance matrices of random vectors were 
where W k = summarized matrix containing the whole incidence matrices of fixed and random effects up to time k in contrast to W k , which contains the incidence matrices X k and Z k at time k. In contrast to the completely random model, Y k depended on both the random quantity u k and the fixed quantity b k so that the state vector was defined as a vector containing both
Based on the work of Sallas and Harville (23) a set of equations that formed the recursive estimation procedure (Kalman filter) of the mixed model was developed.
1. Prediction equations for the random effects of the state vector and the variance-covariance matrix of the state vector in which
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where the subscript k|k − 1 stands for time k given the information at time k-1.
Estimation of Y k in which
.
3. Calculation of the vector of innovations of the observations (D k ), the vector of sums of innovations for all components of the state vector (DD k ), and the matrix of variances of DD k (HH k ) in which
Updating equations in which
In the case of the assumed repeatability TD model, T = identity matrix (T = I), and Q equals zero. The prediction equations, therefore, reduced to the identity
The updated solutions for the effects fitted in the model were the basis for the prediction of the next milk yields. The solutions of b k and u k at time k are identical with the solution of a standard mixed model based on data up to time k (11) .
The variance of the innovation DD k could be used to determine whether the difference between an observed and a predicted value was significant or not. The thresholds of a prediction interval have to be defined by the investigator and were set to ±2 standard deviations of the innovation in this study. If an innovation exceeded this threshold, the TD record was considered to be suspicious (i.e., significantly different from the former yield level), and an alert was given.
When no prior information exists for b k or û k , initial values can be chosen arbitrarily (8) because the solutions for b k and u k are independent of the initial values. Starting values for b 0 and û 0 were set to 0. The definition of initial values for the solution of the fixed effect for day was based on the assumption that the conditions under which cows within a herd have to perform are similar on adjacent days. Therefore, the best prior information about the solutions of the fixedeffect day (b k ) for k ≠ 0 was assumed to be the solution of the previous day (b k − 1 ).
Variance components for daily milk yield were estimated with a REML algorithm using the procedure mixed of the package SAS (24) . A FORTRAN program (28) was developed for recursively solving the mixedmodel equations.
RA
In addition to the mixed-model analysis, an RA of the raw data of the daily milk yield records of each cow was calculated as
where Φ k = RA of the preceding 10 observations of a cow at time k, which was taken as the expected milk yield for this cow at day k and compared with the actual observation. Thresholds were set to ±2 standard deviations of the 10 observations included in the calculation of the RA, and observations were determined to be suspicious by the same criteria used in the recursive mixed-model analysis. If the difference of the actual daily milk yield and the expected yield exceeded the threshold of ±2 standard deviations, the observation was considered to be significantly different from its expected value. The number of observations (10 observations) included in the RA was chosen in agreement with common management practice. The goodness of fit for both the TD model and the RA model was calculated using the criteria of the correlation, the difference, and the absolute difference between actual and predicted milk yield averaged over cows and time. Additionally, the percentage squared bias (PSB) (1) was calculated as PSB = 100 (y-ŷ )′(y-
ŷ )′/(y′y), where y = actual daily milk yield, and ŷ = predicted daily milk yield.
RESULTS
Mixed Linear Recursive Model
The variance components for daily milk yield of the animal effect was estimated as 27.3 and for the residual effect as 8.4 kg 2 , respectively. The repeatability of daily milk yields measurements was r e = 0.76. Figure 1 shows the estimated lactation curves for the lactation classes 1 to 3. The results show that peak yield of lactation class 1 is less than peak yields of class 2 and 3 and that the decrease of milk yield after peak yield is less than that of classes 2 and 3.
Monitoring of the Herd
The daily total herd milk yield that was within the range of 1250 to 2260 kg is shown in Figure 2 . The mean daily milk yield of the herd was 2180 kg produced by an average of 82 cows. The decrease of the milk yield toward the middle of the recorded year was mainly due to seasonal calving. Around d 200, only 49 cows were milked. The day effect was the sum of the predicted performances of all cows (i.e., the predicted herd yield).
The average innovation of the day effect was −0.6 kg; values ranged from −233.6 kg to 261.1 kg. The 95% prediction interval was ±532.7 kg on average and evolved from one time of recording to the next, as did the estimates of all other parameters. At no time did one of the innovations exceed the ±2 standard deviations of the innovation (Figure 3) .
The variance of the innovation at a given time depended on the number of records available at that time. At the beginning of the analysis, no information was known about the effects fitted in the model, which caused a large variance of the results. As more data became available, the variance approached near equilibrium but changes continued to depend on the number of TD records available at one time.
Monitoring of Individual Cows
The initial values for the effects fitted in the model were set to 0 so that the calculation of the innovations for the first day was based on an expected milk yield of 0 kg. Therefore, the first 85 observations were not included in the analysis of the results.
The correlation of predicted and actual observed daily milk yields averaged over time, and cows was r (ŷ ,y) = 0.96. The average innovation for the random cow effect was −0.007 kg, and values ranged from −27.8 to 27.5 kg. The 95% prediction interval was, on average, in the range of ±7.03 kg. We found that 17.5% of all 30,144 milk yield observations were considered to be suspicious (i.e., outside of the prediction interval), and only 9.2% of the innovations exceeded the threshold of two standard deviations in the negative direction. Individual cows varied from 0 to almost 75% sus- Thresholds of the 95% prediction interval of the innovations. 2 An alert is given if an innovation exceeds the 95% prediction interval in either direction. 3 A negative alert is given if an innovation exceeds the lower bound of the 95% prediction interval.
picious observations. The results of the KF procedure are given in Table 2 , separately for the three lactation classes.
Innovations averaged over time and cows were quite similar for the different lactation classes. Although the average threshold of the 95% prediction interval of the innovations, which was calculated based on the variance of the innovations, was smallest for second parity cows, the number of suspicious observations was intermediate. The most alerts were given for observations of cows lactating in the third lactation class. The number of daily milk yields of first lactation cows deviating significantly from the predicted value in the negative direction was almost half that of observations of cows of the third lactation class. Figure 4 shows a plot of observed and predicted daily milk yields against time of recording for one exemplary cow. The cow was in her first parity and had an average daily milk yield of 19.2 kg; the cow calved on December 15, 1995 and was dried off on October 23, 1996. In The average of the innovation of the cow was 0.32 kg, ranging from −8.94 to 5.79 kg. Ten values for differences between observed and predicted daily milk yields exceeded the threshold of ±2 standard deviations. Two of these suspicious observations were of special interest as the innovations were negative; the third observation occurred just 1 d before the cow was dried off.
The solution of the cow effect, which represents the production ability of a cow, was negative because the average daily milk yield of the cow was below the average of daily yields of her herdmates in the same lactation class.
RA
A comparison of the results of the recursive mixedmodel analysis (KF) with the results of the RA is shown in Table 3 . Because RA was calculated as the average of 10 milk yield records, the first 10 observations of a lactation of a cow were not associated with a predicted yield. These first records were, therefore, defined as unsuspicious. The correlation of predicted and actual observed performances averaged over time and cows was r (ŷ ,y) = 0.97. In total, 11.8% of the records for daily milk yield were considered to be suspicious, and 8.8% were considered as having significantly negative deviations from their expected values, which was a greater proportion of the total deviations than found with the results of the KF.
For 78.4% of all observations, the deviations of the actual observed milk yields from the predicted daily milk yields were classified in the same way. For 13.6% of the observations, no significant differences between the expected and the observed yields were calculated with RA, but differences were significant with KF. For 7.9% of the observations, no significant differences between the expected and the observed yields were calculated with KF, but differences were significant with RA. Only 0.1% of the observations were categorized in opposite directions (i.e., as a positive deviation from their expected value with one method and as a negative deviation with the other method).
Parameters describing the goodness of fit of the models are given in Table 4 . The correlation of observed and predicted yields was high and almost the same for both methods. The absolute difference and the PSB were greater for the KF results than for the RA results. Figure 6 is a plot of observed and predicted daily milk yields calculated as the RA for the same cow as in Figures 3 and 4 .
The average of the difference between the predicted daily milk yield and the actual observed yield of the cow was −0.29 kg and ranged from −6.94 to 3.9 kg. Forty deviations from the predicted daily yield were considered to be significant (>95% prediction interval). Thirty deviations exceeded the lower threshold.
The variance of the RA at one time changed, depending on the preceding values included in the calculation of the average. If one high positive or negative value occurred, the variance increased for the entire time this value was included in calculating RA (here for 10 d). The RA followed actual observed daily milk yield in a smoothed way with a short time lag. If there was a trend in the data, the differences between the observed milk yields and the predicted yields tended to be positive in the case of a positive trend or negative in the case of a negative trend. Such trends occurred at different phases of a lactation. Figure 7 shows the differences between the estimated lactation curves shown in Figure 1 and the RA of these curves.
At the beginning of the estimated lactation curves, maximum differences between the estimated curves and RA were 3.3 kg and reached −0.68 kg at the end of the estimated lactations. 
DISCUSSION
The KF and RA are both methods that base the detection of suspicious observations on a comparison of a predicted value with an actual observation. The goodness of fit of the assumed model used for the KF procedure mainly determines the accuracy of the prediction. In this study, a mixed linear repeatability model was chosen for TD observations, including a submodel that accounted for the shape of the lactation curve. The parameters describing the goodness of fit were in general agreement with figures of other studies (1, 9) . Any other model could have been chosen because the KF is a method that can be applied to many different models (10) . In this study, results of a Durbin-Watson test indicated a slightly negative serial correlation of the innovations of day effect. This result might support the suggestion of other studies to incorporate some time-series analysis methods when modeling TD records for milk yield (4, 8) . Other studies have investigated different lactation curve functions (9) or random regression methods (13) . However, the purpose of this study was primarily to investigate a method for the detection of deviant observations so that the fit of the model used for the analysis was thought to be sufficient.
In contrast to the mixed model used in KF analysis, RA did not use all available information for the prediction of a milk yield. Instead, the prediction of the daily milk yield of a cow was based on its own yields averaged over a number of past days. The same weight was attributed to each of the records included in the calculation, and no account was taken of effects such as stage of lactation or environmental influences. If yield of a cow decreased suddenly, the expected yield decreased as well. The low figures for the absolute error and the PSB given in Table 4 show the close dependency between observed and predicted milk yields. The speed and grade of adaptation of the predicted to observed yields depended on the number of past milkings included in the calculation of RA. As more milkings were included, the RA was slower to adapt, and sudden fluctuations of milk yield were less likely to influence the average.
The average value of the difference between y and ŷ of −0.35 kg for RA and the data in Table 3 indicated a slight overestimation of the actual milk yield. Such an overestimation generally occurs when an RA is calculated during the declining portion of the lactation curve.
Sudden occurrence of milk yield records with a high deviation from the former yield level increased the variance of the RA for the number of days that were included in the calculation. During that time, the prob-ability of detecting other deviant observations was decreased because of an increased tolerance interval.
Such a situation is not the case for variances of the innovations calculated with the KF. The results of the KF showed that the variances were relatively high for the initial recording times. These high variances occurred only once when the recursive procedure of the KF was started; later variances converged and stay constant with a constant number of observations. Even when a new cow appears in the analysis, information about classification effects, such as lactation number, TD, and DIM, will result in a lower starting variance than that at the start of the KF procedure.
Unexpected high deviations of observed milk yields from the expected value may indicate a disease, estrus, or some kind of nutritional imbalance (3, 7, 29) . The effectiveness of the KF and RA methods in detecting diseases or any other kind of emergencies by analyzing fluctuations of daily milk yields could be quantified by calculating the sensitivity and specificity of the models (4). To calculate the percentage of correctly classified reasons for fluctuations of milk yields (sensitivity) or the percentage of correctly classified normal milkings (specificity), some reference data on the health and reproductive status of cows would be required. A clear classification of the status of a cow was not available in this study. Other studies (2, 4, 15, 19, 25) showed an association between milk yield and estrus as well as milk yield and diseases such as mastitis or ketosis. Different body conditions of cows resulted in different patterns of milk yield fluctuations, and a combined analysis of milk yield with different other traits seems to be necessary to increase the accuracy of the detection of a particular condition (4, 27) . Sensor measurements that have been investigated to determine the cause of an alert include different combinations of traits, such as electrical conductivity and temperature of milk, the activity of cows, feed intake, and body weight (12, 16, 17, 20, 25) .
However, under practical farming conditions the deviations in milk yield can be an important indicator to check a cow per se (27) , and these deviations are considered as an important decision aid in the management of a high-yielding herd (26) . Although the specific cause of a suspicious observation could not be determined in this study, it should be mentioned that the increase of the proportion of alerts from first to third lactation class paralleled the increase of the overall disease risk with lactation number found in epidemiological studies [e.g. (22) ].
The KF method investigated here provided a statistical means for the continuous analysis of data. The analysis of daily milk yield records was chosen here but, assuming an appropriate model, other traits could Journal of Dairy Science Vol. 82, No. 11, 1999 be analyzed using univariate or multivariate analysis as well. The decision of whether a milk yield record can be considered as normal or as suspicious was based on a comparison of the actual yield with the predicted yield. In contrast to the RA method, predictions take the average level of the effects fitted in the model into account and not just the observations of the investigated cow. Individual deviations from such averaged effects provide important information about individual requirements of cows for nutrition and treatment (27) .
In conclusion, KF might have application for detection of suspicious milk yield records at the actual time of recording and, therefore, for the monitoring of dairy herds. To determine the accuracy of the model as well as the specificity and sensitivity of the method, more research should be conducted that includes veterinarian data or any other reference data in the analysis.
